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We study the electrical detection of spin accumulation at a ferromagnet-silicon interface, which
can be verified by measuring a Hanle effect in three-terminal lateral devices. The device structures
used consist of a semiconducting Si channel and a Schottky tunnel contact. In a low current-
bias region, the Hanle-effect curves are observed only under forward bias conditions. This can be
considered that the electrical detectability at the forward-biased contact is higher than that at the
reverse-biased contact. This is possible evidence for the detection of spin-polarized electrons created
in a Si channel.
PACS numbers:
Electrical injection and detection of spin polarized elec-
trons in semiconductors have been verified by measuring
a Hanle effect using two- or three-terminal lateral de-
vices recently.[1–5] In GaAs-based devices, two different
features have been reported as follows. One was seen in
epitaxial Fe/GaAs devices with Schottky tunnel contacts,
reported by Lou et al.[1] They showed that evident Hanle-
effect curves are observed only under forward bias condi-
tions and the spin lifetime is estimated to be ∼ 45 nsec at
10 K. Since there are some reliable evidence,[6–8] the re-
sults by Lou et al.[1] support that the Hanle-effect curves
observed by two- and three-terminal methods are possi-
ble evidence for the electrical detection of spin-polarized
electrons created in a GaAs conduction channel. Another
was observed in Co/Al2O3/GaAs devices, reported by
Tran et al.[3] The observed Hanle-effect curves were sig-
nificantly large and seen in both bias conditions. In this
case, the estimated spin lifetime was ∼ 0.3 nsec at 10 K,
which is significantly shorter than that reported by Lou
et al.[1] They discussed that such large spin signals and
short spin lifetime originate from the two-step tunneling
of spins through the localized state located in the vicinity
of Al2O3/GaAs interface.[3] Thus, by carefully observ-
ing Hanle-effect curves using the two- or three-terminal
method, it seems that one can judge whether the spin
accumulation is created in the conduction channel or in
the oxide-related localized state.
For Si-based devices, Sasaki et al. recently clarified the
three-terminal Hanle curves originating from the spin ac-
cumulation created not in the localized state but in a Si
channel by comparison of the results measured by four-
terminal nonlocal spin transport.[5] Sasaki et al. have
used a metallic (heavily doped) Si channel and a contact
with insulating tunnel barriers. Here, we focus on a de-
vice structure consisting of a semiconducting Si channel
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FIG. 1: (Color online) (a) Schematic diagram of a lateral
three-terminal device with a CoFe/Si contact. (b) I−V char-
acteristics measured between contacts 1 and 2 for sample A
(w = 6 µm) and sample B (w = 40 µm).
and a Schottky tunnel contact for semiconductor spin-
tronic applications with a low parasitic resistance.[9]
In this letter, we evidently show the Hanle-effect curves
depending on the current-bias conditions in Si-based
three-terminal lateral devices with a Schottky tunnel con-
tact. In a low current-bias region, Hanle-effect curves can
be observed only under forward bias conditions. We infer
that the electrical detectability of the forward-biased con-
tact is higher than that of the reverse-biased contact, as
shown in Fe/GaAs devices reported previously.[1] This is
possible evidence for the detection of spin-polarized elec-
trons created not in the localized state in the vicinity of
the interface but in a Si channel.
2Single-crystalline Co60Fe40 films with a thickness of 10
nm were grown on Si(111) by low-temperature molecu-
lar beam epitaxy (LT-MBE) at 60 ◦C. Detailed formation
procedures are described in Ref.[10]. Prior to the growth,
we fabricated a phosphorus-doped n-Si(111) channel with
a thickness of ∼ 200 nm on a non-doped FZ-Si(111) sub-
strate by using an ion implantation technique. The car-
rier densities estimated by Hall measurements were n =
∼ 2×1018 cm−3 at 300 K and ∼ 1×1015 cm−3 at 25 K,
respectively. Thus, our devices obviously have a semi-
conducting Si channel.[11, 12] After the fabrication of the
n-Si(111) channel, Sb δ-doped n+-Si layer (Sb ∼ 5×1019
cm−3) with a thickness of 10 nm was grown by MBE.[13]
As a result, the realistic conduction band should have an
energy profile with a Schottky-tunnel barrier, as shown in
Ref. [14]. Here, since the doped Sb atoms can easily dif-
fuse toward the surface because of the segregation during
the growth, the carrier density near the interface can be-
come ∼1019 cm−3 with some distributions. Conventional
processes with photolithography, Ar+ ion milling, and re-
active ion etching were used to fabricate three-terminal
lateral devices, called sample A (w = 6 µm) and sample
B (w = 40 µm), with a CoFe/Si contact, illustrated in
Fig. 1(a). The contact 2 of the sample A and sample
B has a lateral dimension of 6 × 200 µm2 or 40 × 200
µm2, respectively. The AuSb ohmic contacts, labeled by
1 and 3, were formed and the Sb δ-doped n+-Si layer on
the channel region was removed by the Ar+ ion milling.
The distance between the contacts 2 and 1 or 3 is ∼ 50
µm. The three-terminal Hanle measurements were per-
formed by a dc method with the current-voltage configu-
ration shown in Fig. 1(a) at 25 K. In the measurements,
a small magnetic field perpendicular to the plane, BZ,
was applied after the magnetic moment of the contact 2
aligned parallel to the plane along the long axis of the
contact.
Figure 1(b) shows two-terminal current-voltage (I−V )
characteristics for sample A (red) and sample B (blue),
measured between contacts 1 and 2 at 25 K. The elec-
trons are extracted from and injected into, respectively,
the Si conduction band for forward (V21 > 0) and reverse
(V21 < 0) biases, as shown in the inset figures. For both
samples nonlinear I − V features can be seen. Though
the contact width (w) of sample B is six times larger than
that of sample A, the magnitude of the current obtained
in sample B is smaller than that expected. Thus, the
inhomogeneous doping profile is somewhat distributed in
the film plane. Here, we have already confirmed that
the I − V characteristics are dominated by the Schottky
tunnel barrier of the contact 2, i.e., the contact resistance
(sample A ∼ 730 kΩ, sample B ∼ 440 kΩ) is much higher
than the channel resistance (∼ 30 kΩ) at low tempera-
tures. The zero-bias resistance of the contact 2 showed
weak variations less than one order of magnitude with de-
creasing temperature from 300 to 25 K (not shown here).
Thus, the transport mechanism is dominated by the tun-
neling conduction through the CoFe/Si interface.[15]
The three-terminal voltage, V 23, as a function of BZ, is
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FIG. 2: (Color online) The voltage changes ∆V23 as a function
of BZ at 25 K for (a) sample A and (b) sample B. The red and
blue plots show ∆V23 for I21 = 0.1 and - 0.1 µA. Schematic
illustrations of spin accumulation in a Si conduction band by
(c) spin extraction and (d) spin injection for I21 > 0 and
I21 < 0, respectively.
shown in Figs. 2(a) and (b) for sample A and sample B,
respectively. The measurements were performed at 25 K.
The red and blue plots show ∆V23 for I21 = 0.1 and - 0.1
µA, respectively, where a quadratic background voltage
depending on BZ is subtracted from the raw data. For
I21 = 0.1 µA (red plot), a clear voltage drop (∆V23) of
24 µV is observed when BZ increases from zero to ±100
Oe. The voltage change is caused by the depolarization
of the accumulated spins,[1, 3–5] i.e., a Hanle-type spin
precession is detected. On the other hand, for I21 = -
0.1 µA (blue plot), we can see no Hanle-like signal. The
asymmetric bias dependence can tentatively be under-
stood by a difference in the electrical detectability for the
spin accumulation in a Si conduction band as illustrated
in Figs. 2(c) and (d). Under forward bias [Fig. 2(c)],
spin-polarized states for both Si and CoFe are located
at the quasi Fermi level, so that the voltage change in-
duced by the Hanle effect can be detected at the Schottky
tunnel contact which dominates the I − V characteristic
in our devices. On the other hand, under reverse bias
[Fig. 2(d)], the available state of Si near the quasi Fermi
level remains unpolarized because of the fractional spin
accumulation in a Si conduction band. As a result, the
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FIG. 3: (Color online) |∆V23| as a function of bias current I21
for sample A (red) and sample B (blue) at 25 K. Left inset
shows a ∆V23−BZ curve of sample B measured at I21 =-0.3
µA. Right inset illustrates the large spin accumulation in a Si
conduction band in I21 < 0.
detectability for the voltage change induced by the Hanle
effect is relatively low compared with the case under the
forward bias. In a previous work of Fe/GaAs lateral de-
vices reported by Lou et al.,[1] the voltage changes in-
duced by the Hanle effect in a GaAs conduction channel
were demonstrated only via a forward-biased Schottky
tunnel contact. Our results observed in Fig. 2 are al-
most similar to the Fe/GaAs Schottky devices reported
by Lou et al.,[1] indicating that the detected Hanle-effect
signals in Fig. 2 arise from the spin accumulation created
in a Si conduction channel. Considering the theoretical
equation of the Hanle-type spin precession described in
Ref. 5, we can judge that the ∆V 23 values obtained
are predominantly resulting from the spin accumulation
in the bulk Si channel with a carrier density of ∼ 1015
cm−3.[16] We could not detect voltage changes resulting
from the spin accumulation in the heavily doped regions
(∼ 1019 cm−3) because the contribution of their voltage
changes to ∆V 23 is quite small in very low current-bias
conditions.
We can roughly estimate a lower limit of spin life-
time (τS) using the Lorentzian function, ∆V23(BZ) =
∆V23/[1+(ωLτS)
2], where ωL = gµBBZ/~ is the Lamor
frequency, g is the electron g-factor (g = 2), µB is the
Bohr magneton.[4] The fitting curves (red solid curves)
are shown in Figs. 2(a) and (b). As a consequence, the
τS values of sample A and sample B are estimated to be
∼ 3.1 and ∼ 2.2 nsec, respectively. Recently, Sasaki et
al. clarified that τS in a metallic Si channel (n = 1×10
19
cm−3) at low temperatures was estimated to be 4 ∼ 9
nsec by the three-terminal methods.[5] Our obtained τS
values are close to those reported by Sasaki et al.[5] This
fact supports that our results originate from the spin ac-
cumulation not in the localized state in the vicinity of
the CoFe/Si interface but in a Si conduction channel.
Since our devices have a CoFe/Si interface and a very
thin depletion layer induced by the δ doping, the spin
accumulation created in the Si conduction channel can
be detected through the Schottky tunnel contact.
These τS values reported by Sasaki et al.[5] and in this
study are significantly shorter than those (∼ hundreds
nsec) reported by Appelbaum et al.[2] Though the precise
origin of the large difference in τS is still unclear, we
speculate that the crystal quality and impurity density of
the Si channels formed by an ion implantation technique
are significantly different from those of the FZ-Si reported
by Appelbaum et al.[2] For explaining the large difference
in τS, further investigations are required by using several
devices with different impurity densities and so forth.
Finally, we plots |∆V23| versus bias current (I21) for
both samples in Fig. 3. In low reverse I21 (-0.1 µA < I21
≤ 0 µA), |∆V23| can not be detected (see arrow) for both
samples, as discussed in the previous paragraph. How-
ever, we note that |∆V23| can be evidently seen in I21 ≤
-0.1 µA. For example, we show a ∆V23−BZ curve for sam-
ple B at I21 = -0.3 µA in the left inset. In this study the
sign reversal of ∆V23 occurs only when the current polar-
ity changes. Thus, this feature can be explained as a con-
sequence of the enhancement in the spin accumulation in
the Si channel by increasing injected spins. That is, with
increasing spin accumulation, the available state of the Si
conduction band near the quasi Fermi level can become
spin-polarized, as shown in the right inset. Therefore, the
electrical detectability of the three-terminal method for
spin accumulation can vary with changing bias current.
These results may also support the electrical detection of
spin-polarized electrons created in a semiconducting Si
channel.
In summary, we have demonstrated evident bias-
current dependence of the spin accumulation in a semi-
conducting Si channel at 25 K by measuring the Hanle-
effect signals. We have observed that the electrical de-
tectability of the Hanle-effect signals at the forward-
biased contact is higher than that at the reverse-biased
contact. This work indicates possible evidence for the
detection of spin-polarized electrons created not in the
localized state in the vicinity of the interface but in a Si
channel.
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